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Abstract
In this report we study the possibility to collide the beams in LHCb (interaction point 8) with a
modified crossing scheme which allows a transparent change of the LHCb spectrometer polarity.
In the nominal scheme a polarity reversal implies significant changes to the crossing parameters
and a different effective crossing angle in the collision point. The alternative scheme minimizes
or avoids these effects. Emphasis is put on an evaluation of this scheme without changes to the
existing hardware.
Geneva, 1 January 2007
1 Experimental areas and magnets
The layout of the LHC features 4 experimental areas where beams collide (Fig. 1)










Figure 1: Layout of experiments.
and cross at a finite angle to avoid unwanted collisions. The main features of the four
experiments are:
• Two high luminosity experiments (IP1 and IP5) with low β∗.
• B-physics with lower luminosity and non-symmetric interaction region (LHCb, IP8).
• Heavy ion experiment (ALICE, IP2), offset beams with p-p collisions.
• Vertical beam crossing in IP1 and IP2.
• Horizontal beam crossing in IP5 and IP8.
The interaction point 5 (CMS) also houses the TOTEM experiment, which is designed to
measure small angle scattering and requires dedicated running conditions, such as large
β∗ and no crossing angle. This implies operating with a much smaller number of bunches,
i.e. maximum 156 bunches [2].
In all four experiments magnets are installed:
ATLAS: barrel and endcap toroids and central solenoid
CMS: solenoid
ALICE: solenoid (L3) and dipole spectrometer
LHCb: dipole spectrometer
Only magnets which provide a significant magnetic field near the beam axis can influ-
ence the circulating beams.
The effects of the solenoids and the proposed measures are discussed in [3] and do not
strongly limit the operational configurations of the LHC.
The main purpose of this report is to address the special requirements of the LHCb ex-
periment and the implications of the spectrometer dipole. To emphasize some of the main
features, the operation of the dipoles in LHCb and ALICE are both addressed and com-
pared.
The operational scenarios for the LHCb experiment are discussed and the limitations as
well as possible improvements are presented.
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2 Experimental dipoles
In the interaction regions 2 (ALICE) and 8 (LHCb) strong dipole magnets are




The ALICE spectrometer dipole is positioned approximately 10 m to the right of the
interaction point 2 and the integrated field is
∫
B dl = 3 Tm which produces a deflection
of ≈ 130 µrad at top energy of 7 TeV. The field direction is in the horizontal plane and
the deflection therefore in the vertical plane.
LHCb:
The LHCb spectrometer dipole is positioned approximately 5 m to the right of the inter-
action point 8 and the integrated field is
∫
B dl = 4.2 Tm which produces a deflection of
≈ 180 µrad deflection at top energy of 7 TeV. The field direction is in the vertical plane
and the deflection therefore in the horizontal plane.
2.2 Dipole effects
Since the dipoles act on both beams simultaneously, they would create a strong
orbit distortion around the machine for both beams. Their effects must therefore be com-
pensated exactly to avoid loss of aperture or beam offsets at any of the collision points.
This compensation is provided by 3 dedicated magnets which, together with the spec-
trometer magnets, produce a closed, antisymmetric bump. Since no other active elements
are inside these bumps, the compensation is independent of the optics.
However, since they act on both beams, they produce crossing angles of αs ≈ ± 70 µrad
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Figure 2: Beam orbits from dipole magnet and compensation magnets in IP8.
numbers and Fig. 2 correspond to top energy.
The bump produced by the dipole and its compensators is short and to minimize un-
wanted long range beam-beam interactions, an additional (external) crossing angle αx is
superimposed [2, 4]. In the base-line design [1] these external angles are vertical (ALICE)
and horizontal (LHCb), i.e. they follow the crossing planes given by the dipole magnets.
The effective crossing angle αeff is therefore a superposition of the two angles and depends
on the running conditions [2].
2
3 Operational conditions
As the four LHC experiments are designed for different purposes it is not surprising
that these imply different running scenarios and operational conditions. In two of the
experiments, ALICE and LHCb, the presence of the spectrometer magnets is a source of
additional complications which are discussed in this note.
3.1 Operational issues in ALICE
The ALICE experiment is designed for ion collisions and cannot take to full in-
teraction rate of proton-proton collisions. In order to reduce the luminosity, the beams
collide with a small offset. Decreasing the luminosity by increasing the β∗ function at the
interaction point is limited, since for β∗ ≥ 35 m a sufficient separation of the beam-beam
encounters is not possible for the regular bunch spacing of 25 ns [2, 7].
The intensity for operation with ions is much lower and the bunch spacing is larger,
therefore long range beam-beam interactions can be neglected. It is possible to reduce
the effective crossing angle or set it to zero by superimposing an external angle with the
opposite sign of the crossing angle caused by the dipole magnet.
3.1.1 Polarity changes
It is foreseen to change the polarity of the spectrometer dipole on a regular basis.
Since the crossing in IP2 is in the vertical plane, this can be achieved by changing the
sign of the external angle together with the dipole polarity. The effective crossing angle
between the two beams changes sign but its absolute value does not change. The base-line
Spectrometer β∗x,y αs αx αeff
(m) (µrad) (µrad) (µrad)
− 10.0 ∓70.0 ∓80.0 ∓150
+ 10.0 ±70.0 ±80.0 ±150
Table 1: Required crossing angle scheme for interaction point 2 for different spectrometer
polarities. The angles αs, αx and αeff denote the angle from the dipole, the external angle
and the effective crossing angle. The convention is upward deflection for positive angle
and ∓ denotes negative angle for Beam 1 and positive angle for Beam 2.
running conditions for interaction point 2 are summarized in Tab. 1 [1, 2].
3.2 Operational issues in LHCb
The design luminosity for interaction point 8 (LHCb) (L ≈ 2.0 × 1032 cm−2s−1)
is lower than for ATLAS and CMS (L ≈ 1.0 × 1034 cm−2s−1) but it is required to keep
it above L ≥ 1.0 × 1032 cm−2s−1 during data taking or in case of low intensity beams




The conditions in interaction point 8 show one important difference to point 2: the
crossing is in the horizontal plane. In interaction point 8 the beams exchange from the
outer to the inner vacuum chambers in the horizontal plane. In order to avoid additional
crossings [2] the sign of the effective crossing angle is fixed, i.e. Beam 1 crosses toward
the inside with a negative angle, using the standard conventions in clockwise direction.
When the crossing angle αs caused by the dipole has the ’wrong’ sign, this requires an
overcompensation with the external angle and this implies: αx  αs. As a result the
change of polarity of the dipole magnet is not transparent for the operation and results
in a different absolute value for the effective crossing angle, depending on the polarity of
the spectrometer dipole.
Spectrometer β∗x,y αs αx αeff
(m) (µrad) (µrad) (µrad)
− 10.0 ∓135.0 ∓65.0 ∓200
+ 10.0 ±135.0 ∓210.0 ∓75
Table 2: Required crossing angle scheme for interaction point 8 for different spectrometer
polarities and for β∗ = 10 m. The angles αs, αx and αeff denote the angle from the
dipole, the external angle and the effective crossing angle. The convention is deflection to
the outside for positive angle and ∓ denotes negative angle for Beam 1 and positive angle
for Beam 2.
The present base-line configuration is given in Tab. 2 [1, 4]. Using the standard
convention, it is shown in Tab. 2 that the sign of the effective crossing angle does not
change the sign for changed dipole polarity, contrary to the situation in ALICE (Tab. 1).
The negative sign of the spectrometer dipole in Tab. 2 refers to the sign of the
crossing angle for Beam 1 and implies a dipole field that deflects the Beam 1 to the inside
(see Fig. 2).
3.2.2 Aperture limit
The aperture in the triplet is defined by the LHC beam screen. It is not symmetric
in the two transverse planes and as a consequence the available apertures are different
in the horizontal and vertical planes. In the base line design, the beam screen in the
interaction region 8 allows a larger aperture in the horizontal plane (≈ ± 22 mm) than
in the vertical plane (≈ ± 17 mm) (see Fig. 3), consistent with the presently foreseen
horizontal crossing angle.
3.2.3 Luminosity adjustment
To maintain a luminosity L ≥ 1032 cm−2s−1 for different intensities requires the
tuning of β∗. Limits to the available tuning range come from:
– Required beam separation and crossing




Figure 3: Dimensions of LHC beam screen for present orientation in IP8.
– Mechanical aperture
It was found [2, 4] that β∗ can be adjusted in the range: 2 m ≤ β∗ ≤ 10 m for both
polarities of the dipole magnet. The effective crossing angles will be different when β∗ is
changed [2].
For the assumed intensities, including the LHC commissioning parameters, these options
ensure a luminosity L ≥ 1032 cm−2s−1. The present base-line scenario is therefore
compatible with the requirements.
The necessary external angles and the resulting crossing angles are given in Tab. 3 for the
Spectrometer β∗x,y αs αx αeff
(m) (µrad) (µrad) (µrad)
− 2.0 ∓135.0 ∓125.0 ∓260
+ 2.0 ±135.0 ∓210.0 ∓75
Table 3: Required crossing angle scheme for interaction point 8 for different spectrometer
polarities and for β∗ = 2 m. The angles αs, αx and αeff denote the angle from the
dipole, the external angle and the effective crossing angle. The convention is deflection to
the outside for positive angle and ∓ denotes negative angle for Beam 1 and positive angle
for Beam 2.
case of β∗ = 2 m. Since the external crossing angles are different for the two spectrometer
polarities, two separate procedures are required for the β∗ adjustment, i.e. the squeeze.
This is a significant complication for the operation of the machine.
3.2.4 Injection field
The full field of the dipole (and its compensators) at injection energy produces a
rather large angle (∓ 2.1 mrad !). While it can be considered for one of the polarities (−),
such an angle cannot be overcompensated by an external crossing angle since it would
require αx  αs = ∓ 2.1 mrad [4] and the available machine aperture is not sufficient
for such an external angle. This polarity is therefore excluded at injection energy with full
powering of the spectrometer magnet. It is recommended that the dipole is always (for
both polarities) ramped with the energy, together with its compensator magnets [1, 2].
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3.3 Crossing in two planes
The limitation for the polarity change in IP8 is mainly due to the external angle
which is in the horizontal plane. Its sign is fixed to avoid additional crossings between the
two beams. Since in IP8 the Beam 1 crosses from outside to the inside vacuum chamber,
(see Fig. 1) its crossing angle must always be negative (Tab. 2). A positive crossing angle
from the spectrometer must therefore be overcompensated by a large negative external
angle [2, 3, 4].
This restriction does not exist when the external crossing angle is in the vertical plane [4]
as it is the case in IP2 (ALICE) or IP1 (ATLAS). The consequence of a vertical external
crossing angle in IP8 would be that the effective crossing plane is tilted where the beams
collide.
Crossing in the two planes simultaneously was already considered previously [5] for the
high luminosity interaction regions to reduce the long range beam-beam effects. Horizontal
and vertical external angles would reduce the long range tune spread, but cause transverse
coupling and this option was discarded. However, this proposed type of crossing scheme
in IP8 is rather different from these earlier deliberations because:
• External crossing angle needed only in one plane.
• Tilted crossing plane produced locally by spectrometer arrangement.
• Only very few (4) long range interactions occur in the tilted crossing plane.
• These few long range interactions near the interaction point occur at very large
normalized separation and can be neglected.
The option to cross at a finite angle in the x− y plane has advantages for the experiment
as well as for the accelerator operation [4]:
• External crossing angle decoupled from dipole polarity.
• Dipole polarity change does not require change of external crossing angle.
• Absolute value of effective crossing angle independent of dipole polarity.
• Simplified operation and setting up of injection.
To allow for a vertical external crossing angle, the orientation of the beam screens needs
to be modified which for the start of the LHC is excluded.
It is further necessary to study possible side effects and implications for injection, protec-
tion etc. Should it be found that this option is superior to the present scenario, it should
be considered for the future.
4 Is a crossing in both planes possible without hardware changes ?
A standard operation with a vertical external crossing angle is not permitted by
the orientation of the beam screen. However, it deserves some deliberations whether it is
possible to collide the two beams with a vertical external and horizontal internal angle,
using the present beam screen. This would imply a slightly more involved operational
procedure but allows the mentioned decoupling of the spectrometer polarity.
4.1 Configuration and crossing angles
For the possible scenario, the spectrometer is compensated as before and for the
crossing angle we decided to use only orbit correctors acting on a single beam to avoid
additional complications.
Furthermore, we have studied the proposed scenarios which deliver the desired luminosity
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L ≥ 1032 cm−2s−1. We have therefore restricted this study to the proposed values of
β∗ = 2.0 m and 10 m [2]. In Tab. 4 we summarize our proposal for the crossing angle for
Spectrometer β∗x,y αs αy αeff minimum separation
(m) (µrad) (µrad) (µrad) (σx,z)
− 10.0 ∓135.0 ±135.0 ±190 14
+ 10.0 ±135.0 ±135.0 ±190 14
− 2.0 ∓135.0 ±135.0 ±190 13
+ 2.0 ±135.0 ±135.0 ±190 13
Table 4: Crossing angle scheme for crossings in both planes. Different β∗ and different
spectrometer polarities. The angles αs, αy and αeff denote the angle from the dipole, the
external, vertical angle and the effective crossing angle in the tilted plane. The convention
is deflection to the outside for positive angle and ∓ denotes negative angle for Beam 1
and positive angle for Beam 2. The minimum separation between the two beams is given
in units of the beam size.
the two β∗. We also give in Tab. 4 the effective crossing angles in the tilted plane.
The absolute value of the effective crossing angle can be made the same for both polarities
of the spectrometer and for both β∗ (Tab. 4). It should be noticed that also the external
angle αy is identical for the two polarities, in size as well as sign, i.e. a significant simpli-
fication compared to the base line case shown in Tab. 2. Slightly smaller or larger values
of the external angle are possible, the present value of αy = ±135 µrad was chosen for
simplicity and to get equal angles in the two planes. Also shown in Tab. 4 is the result-
ing beam separation available to avoid parasitic beam-beam interactions. Since the beam
separation is not the same for all parasitic encounters, the smallest (minimum) value is
given. The values for the beam separation in Tab. 4 are considered fully sufficient. The
Figs. 4 to 7 show the crossing schemes for the two values of β∗ and the two beams. The
”short” internal bump can clearly be distinguished from the ”long” external bump.
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Figure 4: Crossing for Beam 1: β∗ = 10m in IP8 and crossing in two planes.
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Figure 5: Crossing for Beam 2: β∗ = 10m in IP8 and crossing in two planes.
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Figure 6: Crossing for Beam 1: β∗ = 2m in IP8 and crossing in two planes.
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Figure 7: Crossing for Beam 2: β∗ = 2m in IP8 and crossing in two planes.
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4.2 Aperture and configuration at top energy
The critical parameter for the combined crossing scheme is the available aperture
due to the not ideal orientation of the beam screen. To assess the aperture we follow the
procedure described in detail in [1]. For the quantitative study we use the parameter n1,
the primary collimator aperture as described in [1].
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Figure 8: Aperture for Beam 1: β∗ = 10m in IP8 and crossing in two planes.
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Figure 9: Aperture for Beam 2: β∗ = 10m in IP8 and crossing in two planes.
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Figure 10: Aperture for Beam 1: β∗ = 2m in IP8 and crossing in two planes.
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Figure 11: Aperture for Beam 2: β∗ = 2m in IP8 and crossing in two planes.
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For the two beams and both β∗ we show n1 through the interaction region in the
Figs. 8 to 11. The aperture is considered sufficient when n1 is above 7.0, i.e. the horizontal
line indicated in all figures. For β∗ = 10m the aperture is always well above and also for
β∗ = 2m the parameter n1 is not lower than around 10. We therefore conclude that the
aperture is fully sufficient to accommodate the proposed collision schemes.
4.3 Aperture and configuration at injection energy
While the proposed scheme has sufficient aperture at top energy, this is not guar-
anteed at the injection energy due to the larger beam size. In Figs. 12 and 13 we show
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Figure 12: Aperture for Beam 1 at 450 GeV: β∗ = 10m in IP8 and crossing in two planes.
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Figure 13: Aperture for Beam 2 at 450 GeV: β∗ = 10m in IP8 and crossing in two planes.
the required collimator aperture n1 using the standard assumptions [1].
It demonstrates that the aperture is probably not sufficient and the n1 parameter is close
to 7.0 or slightly below. Whether the assumptions are too pessimistic and injecting can
be considered will be shown from operational experience.
The maximum external angle that can be employed within the available aperture is about
≈ 70 µrad, however the resulting separation at the beam-beam encounters would be too
small.
Special running conditions where a significant beam-beam separation is not required, e.g.
small number of bunches and reduced bunch intensities, may however be considered.
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4.4 Operational procedure
Since the vertical crossing angle cannot be present at injection due to the orientation
of the beam screen, we have to modify the operational procedure. As a consequence, the
operational procedures may be slightly more complicated and not simplified as hoped for.
4.4.1 Injection and ramping
We propose to inject and ramp in the base line configuration foreseen for the two
spectrometer polarities, i.e. with the appropriate horizontal crossing angles [1, 3] and
parallel separation bump in the vertical plane.
This excludes that the spectrometer is operated at full field at injection energy for both
polarities.
4.4.2 Collisions
In the standard procedure the vertical separation bump is collapsed to bring the
beams into collision. We propose to modify the procedure as follows:
• Adjust beams if required.
• Squeeze to desired β∗.
• Collapse vertical parallel separation bump.
• Bring up vertical crossing angle.
• Reduce horizontal crossing angle at the same time.
• Adjust beams if required.
For both β∗ this procedure should be straightforward and no aperture or beam-beam
problems should be anticipated.
It should be noted that only a single β∗ squeeze procedure is required since the external
angle is decoupled from the spectrometer’s polarities.
5 Summary
It can be summarized that the experimental dipole magnets in IP2 and IP8 do have
noticeable effects on the beam. Corrections are required for some modes of operation. The
basic results are:
• The spectrometer dipoles in IP2 and IP8 need local compensation.
• Polarity changes are without problems in IP2.
• Polarity changes in IP8 require modification of the machine parameters and imply
different effective crossing angles in the collision point.
• Although the proposed alternative poses no problem for collisions, the injection can
only be done into the nominal scheme for the standard parameters such as number
of bunches and bunch intensities. A scenario for a transition between the injection
scheme and the collision configuration is defined.
• The presented scenario can fulfill all the requirements, i.e. required modes of oper-
ation and luminosity.
• We conclude that collisions are possible for crossing angles in two planes without
hardware modifications at the expense of a slightly increased complexity of the
operation.
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